Introduction
The endosomal system is composed of an interconnected network of related organelles that function primarily in the dissociation and sorting of proteins and ligands. Cargo proteins in the early/sorting endosome are either retained during endosome maturation and delivered to the lysosome, or exported from the endosome and delivered to other organelles for reuse. As sorting underlies the physiological functions of the endosomal system, the elucidation of transport carrier biogenesis mechanisms is key for a fundamental understanding of the endosomal system and also the etiology of diseases that arise from loss or misregulation of endosome function.
The topological features of endosome membranes are intimately linked to cargo-sorting reactions. As endosomes mature, they accrue intraluminal vesicles (ILVs) and a network of tubules are drawn from the vacuolar domain (Roth and Porter, 1964; Geuze et al., 1983; Hopkins, 1983 ) that has been referred to as the "compartment of uncoupling of receptor and ligand" (Geuze et al., 1983) or, more recently, the "tubular endosomal network" (TEN; Bonifacino and Rojas, 2006) . Whereas integral membrane proteins that are retained within the endosome are packaged into ILVs, recycling and retrograde cargo is packaged into the TEN or vesicles that bud into the cytoplasm and undergo fission. Sorting of recycling/retrograde cargo is mediated by soluble proteins that are recruited to the endosome membrane where they recognize sorting signals in the cargo, but the mechanisms of transport carrier formation and fission are poorly understood. One class of endosomal coat proteins proposed to mediate packaging of endosomal cargo are sorting nexin (SNX) proteins containing a Bin-Amphiphysin-Rvs (BAR) domain (Teasdale and Collins, 2012 ) that displays a curved membrane binding surface and can oligomerize. In addition, SNX-BAR proteins possess a PHOX homology (PX) domain that recognizes phosphatidylinositol 3-phosphate, a lipid that is enriched on endosome membranes, and through the combined membranebinding activities of SNX-BAR protein domains many can recognize PtdIns3P-containing high positive curvature membranes, such as those comprising the tubular endosomal network. Recent work cataloged oligomeric interactions of 12 R etromer is an endosomal sorting device that orches trates capture and packaging of cargo into trans port carriers coated with sorting nexin BAR domain proteins (SNXBARs). We report that fission of retromer SNXBAR-coated tubules from yeast endosomes is pro moted by Vps1, a dynaminrelated protein that localizes to endosomes decorated by retromer SNXBARs and Mvp1, a SNXBAR that is homologous to human SNX8. Mvp1 exhibits potent membrane remodeling activity in vitro, and it promotes association of Vps1 with the endosome in vivo.
Retrograde transport carriers bud from the endosome coated by retromer and Mvp1, and cargo export is defi cient in mvp1 and vps1null cells, but with distinct end points; cargo export is delayed in mvp1null cells, but cargo export completely fails in vps1null cells. The results indicate that Mvp1 promotes Vps1mediated fission of retromer and Mvp1coated tubules that bud from the en dosome, revealing a functional link between the endosomal sorting and fission machineries to produce retrograde transport carriers.
Fission of SNX-BAR-coated endosomal retrograde transport carriers is promoted by the dynamin-related protein Vps1
Vps17-mCherry, a retromer SNX-BAR generally considered to decorate prevacuolar endosomes, and Snx3-GFP, a PX-only sorting nexin that functions with retromer ( Fig. S1 B) . All tagged proteins were expressed from their native loci and colocalization was assessed using Pearson's correlation coefficients (R; Fig. S1 B) . Although there are positive correlations with all endosome markers tested, the highest correlation (R ave = 0.40) is observed with the retromer SNX-BAR, Vps17, indicating that Mvp1 localizes throughout the endosomal system, but is enriched on retromer-decorated endosomes. The human orthologue of Mvp1, SNX8, also localizes to retromer-decorated endosomes (Dyve et al., 2009; van Weering et al., 2012b) .
Failure of retromer-mediated cargo export in mvp1 cells
The vacuolar protein sorting receptor, Vps10, traffics newly synthesized vacuolar carboxypeptidase Y (CPY) from the TGN to the endosome, and is then retrieved to the TGN via the retromer pathway (Seaman et al., 1997) . In retromer mutants, Vps10 fails to be retrieved and, as a consequence, 80% of newly synthesized CPY is secreted from the cell (Seaman et al., 1997; Bonangelino et al., 2002) . Null mvp1 cells secrete 65% of newly synthesized CPY (Ekena and Stevens, 1995; Bonangelino et al., 2002) ; however, the basis of this sorting defect is unknown. To directly test for a role for Mvp1 in endosome-to-TGN retrieval of Vps10, we examined Vps10-GFP in wild-type and mvp1 cells (Fig. 1 A) . In wild-type cells Vps10-GFP localizes to 10-20 puncta representing Golgi and endosome compartments, identified by colocalization with Sec7 (as a tomato dimer fusion, "tom"), a marker of the TGN, or the Vps17 retromer SNX-BAR (i.e., Vps17-tom). In mvp1 cells Vps10-GFP localizes to fewer punctate organelles (Fig. 1 A) and more of it appears to colocalize with Vps17-tom than in wild-type cells (Fig. 1 A) , leading us to speculate that Vps10 accumulates in retromer-decorated endosomes in mvp1 cells. To rigorously test this, we quantified the absolute amounts of Vps10-GFP in the Golgi and the endosome. Because standard fluorescence intensity correlation analyses (e.g., Pearson's, Mander's) do not provide an absolute measure of Vps10-GFP distribution, we devised a method de novo to determine the amounts of Vps10-GFP that localize to late Golgi compartments decorated by Sec7 and to endosomes decorated by the Vps17 retromer SNX-BAR. The results (Fig. 1 B) show that in wild-type cells, 58% of Vps10-GFP molecules localize to the Golgi (i.e., are contained within the Sec7-tom mask), and 23% localize to retromer-decorated endosomes (i.e., are contained within the Vps17-tom mask). In striking contrast to this distribution, in mvp1 cells 36% of Vps10-GFP localizes to the Golgi, and there is a concomitant increase, to 42%, in the amount that localizes to Vps17-decorated endosomes. Essentially equivalent amounts of Vps10-GFP are accounted for in wild-type and mvp1 cells (81% and 78%, respectively), with the unaccounted fractions due to threshold limits and localization to compartments that are not decorated by Sec7 or Vps17. These results show that Vps10 is depleted from the Golgi in mvp1 cells and accumulates in the endosome, and they suggest that Mvp1 has a role in retrograde sorting of Vps10. In further support of functional links between Mvp1 and retromer, cluster analyses of genome-scale human SNX-BARs and found that a subset of them can drive the formation of tubules in vitro via homo-oligomerization, suggesting that each type of higher order SNX-BAR oligomer could function on a distinct, cargo-specific export pathway (van Weering et al., 2012a) . In support of this, in cultured metazoan cells expressing fluorescently tagged SNX1 and SNX4, tubules emanating from a vacuolar endosome are observed to be decorated with one or the other, but not both (Traer et al., 2007) . However, it is not yet resolved if this is a general feature of all SNX-BAR proteins.
Retromer was discovered in studies using budding yeast (Saccharomyces cerevisiae) and was originally defined as a pentameric complex containing the Vps26-Vps29-Vps35 trimer and a heterodimer of the Vps5 and Vps17 SNX-BAR proteins (Seaman et al., 1997 (Seaman et al., , 1998 . There are at least six yeast SNX-BAR proteins encoded by the yeast genome, but Vps5 and Vps17 are the only ones that co-purify with retromer, and in human cells there are four retromer-associated SNX-BAR proteins (SNX1, SNX2, SNX5, and SNX6), but the human SNXBARs do not associate with the retromer trimer as robustly as the yeast retromer SNX-BARs do, so it has been challenging to strictly define the SNX-BAR components of retromer pathways in human cells. A yeast SNX-BAR called Mvp1 has also been described that is the putative orthologue of the human SNX8 protein (Ekena and Stevens, 1995) . Cells deleted of the MVP1 gene exhibit protein-sorting deficiencies that are nearly as severe as those observed in retromer-null mutants (Ekena and Stevens, 1995; Bonangelino et al., 2002) , raising the possibility that Mvp1/Snx8 is a key component of the retromer pathway. Insight into the function of Mvp1 is further provided by the finding that increased gene dosage of MVP1 (multi-copy suppressor of vps1 d ) partially ameliorates the protein-sorting defects caused by expression of a dominant-negative vps1 allele (Ekena and Stevens, 1995) . VPS1 encodes a dynamin family GTPase implicated in fission of transport vesicles at the Golgi, endosome, and plasma membrane. In this study we report that Mvp1 is required for efficient cargo export from the endosome by retromer, and that Vps1 is required for fission of cargocontaining, SNX-BAR-coated tubules from the endosome.
Results

Mvp1 is broadly localized within the endosomal system
Mvp1 was originally proposed to function in the Golgi apparatus (Ekena and Stevens, 1995) , but the putative human orthologue of Mvp1, called SNX8, localizes to endosomes in human cells (Dyve et al., 2009; van Weering et al., 2012b) , prompting us to reevaluate Mvp1 localization. Mvp1-GFP decorates 3-10 puncta per cell, often near the vacuole, as well as the cytosol (Fig. S1 A) . Localization to these puncta is disrupted by loss of the sole PI3K (vps34) and by a mutation, R172A, in the PtdIns3P binding pocket of its PX domain, suggesting that Mvp1 localizes to PtdIns3P. We further characterized these organelles by comparing Mvp1 localization to three other sorting nexins: Snx4-GFP, generally considered to function on early endosomes and the preautophagosome structure (Hettema et al., 2003) , endosomes decreased over time, whereas the intensity of inactive endosomes did not decrease as rapidly, allowing us to discern that the dynamic features of these organelles and the loss of SNX-BAR signal from active endosomes was not due to photobleaching. Finally, we also observed apparent homotypic exchanges between endosomes in which a budding tubule appeared to undergo fission and then fuse with a nearby endosome (Video 1). The small sizes, short lifetimes, rapid movements, and low SNX-BAR fluorescence signal of these tubules may explain why they have not been described previously.
Purified recombinant human SNX8 and retromer SNXBARs (SNX1 and SNX5) do not form higher order oligomers in vitro and have been proposed to coat distinct transport carriers (van Weering et al., 2012a) . Hence, it was of interest to test if yeast Mvp1 and retromer SNX-BARs decorate the same, or distinct, endosome-derived tubules in vivo. To do so, we used timelapse fluorescence microscopy to examine Mvp1-2xRFP and Vps17-GFP (Fig. 2 , B and C) in the same cell. Because of the dynamic nature of the TEN and that mRFP is not as bright as, and bleaches more rapidly than, GFP, we fused a tandem 2xmRFP tag to query proteins and captured three successive SNX-BAR-GFP frames at 50-ms intervals for each 2xmRFP frame (200-ms exposure). Successive GFP images were overlayed and compared side-by-side to the 2xmRFP image (Fig. 2, B-D) . We observed that 54% of the tubules that are decorated by Vps17-GFP are also decorated by Mvp1-2xmRFP, although there is a substantial proportion of tubules that contain either Vps17-GFP or Mvp1-2xmRFP, but not both (33% and 13%, respectively). Because these results indicate that endosome-derived tubules possess a mixed coat of retromer and Mvp1 SNX-BARs, we tested for physical interactions between Mvp1 and retromer subunits (Vps5, Vps17, Vps35), but found no evidence that Mvp1 forms heterodimers with Vps5 or Vps17, or that Mvp1 associates with retromer trimer, or that it recognizes the Vps10 cargo protein. These results are in line with a recent study showing that human SNX8 and the S. cerevisiae and Schizosaccharomyces pombe genetic profiling datasets show that the genetic interactions of mvp1 and retromernull mutants are closely correlated Koh et al., 2010; Frost et al., 2012) .
Mvp1 and retromer SNX-BARs decorate a tubular endosomal network
Endosomes in yeast cells typically appear as punctate objects when visualized by wide-field epifluorescence microscopy of endosomal proteins, and no dynamic domain, akin to the TEN in mammalian cells, has been described. Given the fundamental role of the TEN in cargo sorting, and the evolutionary conservation in structure and function of SNX-BAR proteins, we examined structural features of endosomes decorated by GFP-tagged Mvp1 and Vps17 SNX-BARs and the Vps26 retromer subunit using time-lapse fluorescence microscopy. Images of a single focal plane within cells were acquired at 270-ms intervals, which allowed us to monitor an endosome for up to 10 s before bleaching of the GFP signal. Successive images (Fig. 2 A, Fig. 3 ) reveal Mvp1-GFP-and Vps17-GFP-decorated endosomes to be structurally dynamic organelles where each protein decorates a punctate, presumably vacuolar, structure and a physically associated tubular network that has not been previously described for yeast endosomes. Coated tubules and vesicles emerge from a mother endosome, undergo fission, and then move away from the endosome. Tubule budding/fission cycles were completed within 540-810 ms and yielded tubules that we estimate to be 150-200 nm in length, though this could not be precisely determined because of the diffraction limit. There was substantial heterogeneity in the dynamics of individual endosomes; a tubular network was not observed to be associated with every SNX-BARcoated endosome during the time window of these experiments, and we observed, though infrequently, entire SNX-BAR-coated endosomes to convert into an interconnected tubular network and then fragment (Video 1). The fluorescence intensity of budding retromer SNX-BARs, SNX1 and SNX5, do not co-immunopurify from cell extracts and do not hetero-oligomerize in vitro (van Weering et al., 2012a) .
Several features of the SNX-BAR-coated TEN were examined to determine if it has a role in retromer-mediated sorting. First, we considered the possibility that apparent fission events correspond to whole organelle fission rather than the biogenesis of bona fide transport carriers. To address this, we tested if a component of the multivesicular body (MVB)-sorting pathway, Did2 (expressed as a functional mKate2 C-terminal fusion) could be observed on SNX-BAR-coated tubules. Although Did2-mKate2 localizes with a subset of Mvp1-GFP-and Vps17-GFP-decorated endosomes, it was never observed on budding SNX-BAR-coated tubules. Moreover, we observed a striking juxtaposition of Did2-mKate2 to a SNX-BAR-GFP domain from where a tubule emerged (Fig. 2 D) . The signals of Mvp1-GFP and Vps17-GFP were observed to overlap that of Did2 only minimally, consistent with these components of the retrograde sorting and degradative sorting machineries segregating into distinct domains on the endosome. This result indicates that the SNX-BAR-coated domain of the endosome, but not the ESCRT-coated domain that sorts cargo into the degradative pathway, is active in budding of tubules.
Next, we determined if a retromer cargo, Vps10, could be detected in budding tubules/vesicles. Vps10 was tagged with 2xmRFP in cells expressing GFP-tagged Mvp1 or Vps17 and the proportions of SNX-BAR-coated tubules containing Vps10-2xmRFP were determined. Of 30 tubules scored, Vps10 was present in 60% of Mvp1-decorated tubules and 50% of Vps17-decorated tubules (Fig. 3 , A-C). We also observed Mvp1-and Vps17-coated tubules that lacked Vps10-2xmRFP (14% and 30%, respectively) and tubules containing Vps10, but not Mvp1 or Vps17 (26% and 20%, respectively). Importantly, Vps10-containing tubules were not observed to be decorated by Did2, a protein which functions in the ESCRT-mediated degradative pathway ( Fig. 3 A, bottom). These observations lead us to conclude that a substantial fraction Vps17-coated tubules (conservatively estimated to be at least 50%) and Mvp1-coated tubules (at least 60%) constitute retrograde carriers, and that at least 50% of these carriers are coated by both Vps17 and Mvp1. To determine if Mvp1 is required to bud retromer SNX-BARcoated tubules, we determined the budding frequency, defined as the number of tubule-budding events observed from a single endosome in 10 s, for Vps17-GFP-coated tubules in cells lacking Mvp1 (Fig. 7 D) . This analysis showed that budding frequency trends greater in mvp1 cells, though the difference is not statistically significant. Hence, the formation of retromer SNX-BAR-coated tubules does not require Mvp1 and the basis of the Vps10 endosome export defect of mvp1 cells ( Fig. 1) is not explained by a defect in the formation of the TEN.
Mvp1 possesses potent in vitro membrane remodeling activity
Many SNX-BARs, including the human orthologue of Mvp1, SNX8, can remodel membrane vesicles into tubules, and this has been proposed to underpin their functions in endosomal sorting and cargo export (van Weering et al., 2012a). We tested amount of Mvp1 in the reaction, and is inversely correlated with the abundance of tubules, indicating that vesicles are formed from tubules by fission. Consistent with this, the diameter of tubules in the 20-µM Mvp1 reaction is 35.8 ± 18.2 nm (n = 9), and is 63.3 ± 15.3 nm (n = 29) in the 10 µM Mvp1 reaction (P < 0.0001; Fig. 4 D) , suggesting that Mvp1 may have multiple packing modes on a membrane. Fission activity has been observed for the BAR proteins endophilin and amphiphysin Gallop et al., 2006; Boucrot et al., 2012) , but to our knowledge, has not previously been reported for a SNX-BAR protein.
The dynamin-related protein, Vps1, is required for endosomal retrograde trafficking
The MVP1 gene was first identified by its activity as a multicopy suppressor of the vacuolar protein sorting defect of cells expressing a dominant-negative VPS1 allele (vps1 d ; Ekena and Stevens, 1995) . The genetic relationship between MVP1 and VPS1 prompted us to consider a role for Vps1 in retrograde transport from the endosome. To first address this, we examined localization of Vps1-GFP in wild-type haploid cells that coexpress mCherry-Ypt7, a marker of late endosomes and the vacuole, and observed that Vps1-GFP localizes to large puncta that are not decorated by mCherry-Ypt7 or other markers of the endosomal system (Fig. S2) . The vacuoles in these cells are severely fragmented and the cells secrete as much vacuolar CPY as vps1 cells, both hallmarks of vps1 cells (Raymond et al., 1992) , suggesting that Vps1-GFP is not fully functional. Because dynamin family proteins function as oligomers, we examined Vps1-GFP in diploid strains carrying one untagged and one GFP-tagged VPS1 allele. Strikingly, normal vacuole morphology is restored in these cells and Vps1-GFP localizes to 5-10 small puncta, many of which appear tethered to the vacuole ( Fig. 5; Fig. S2 ). Many Vps1-GFP-positive puncta are also decorated by Mvp1-2xmRFP, Vps17-2xmRFP, and Did2-mKate2, identifying them as endosomes ( Fig. 5; Fig. S2 ). Endosome localization of Vps1-GFP is strongly influenced by the presence of Mvp1, as there is a dramatic reduction in endosome localized Vps1-GFP in cells lacking Mvp1 (i.e., mvp1 mvp1 VPS1 VPS1-GFP). To quantify the contribution of Mvp1 to endosome targeting of Vps1-GFP, we determined the proportion of Vps17-2xRFP, Vps1-GFP double-positive endosomes (Fig. 5 B) . As cells typically contain 3-5 endosomes decorated by Vps17-2xRFP, cells were binned in quartiles (with an additional "zero" class). Although for the wild-type strain, 60% of cells are in the 75-100% double-positive class, in mvp1 mvp1 cells there are none in this class and the peak of the distribution (representing 55% of the cells) is the 26-50% double-positive class. In wild-type cells, of all Vps17-positive endosomes examined, Vps1-GFP is detected on 82% of them, but only 34% of endosomes in mvp1 mvp1 cells contain detectable Vps1-GFP (Fig. 5 C) . Similar results were obtained when we compared a different endosome marker, Did2-mKate (Fig. S2 ). These data indicate that Vps1 localizes to the endosome via an indirect mechanism that is promoted by, but is not entirely dependent upon, Mvp1. membrane remodeling activity of Mvp1 by incubating fulllength, recombinant Mvp1 with liposomes containing PtdIns3P prepared by extrusion through a 200-nm filter and examining the products by negative-stain electron microscopy. Membrane tubules were observed in reactions containing 10 µM and 20 µM Mvp1, but not in reactions without Mvp1 (Fig. 4 A) ; however, there were two unexpected features of the reactions. At both concentrations of Mvp1, the most striking and abundant products were coated vesicles (Fig. 4 A) . Whereas a broad size distribution of vesicles with an average diameter of 171.6 ± 96.8 nm was observed in reactions without Mvp1, uniformly sized vesicles of an average diameter of 54.4 ± 12.3 nm were observed in the presence of Mvp1 (Fig. 4, B and C) . Further, the abundance of the vesicles is positively correlated with the The middle row shows a Vps17-mGFP-decorated endosome and three types of tubules; a tubule decorated by both Vps17-GFP and Vps10-2xmRFP (filled arrowhead), a tubule containing Vps10-2xmRFP but not Mvp1-GFP (<), and a tubule containing Vps10-2xmRFP but not Vps17-GFP (*). The bottom row shows time-lapse micrographs of a Did2-mKate2 endosome from which a tubule containing Vps10-GFP, but not decorated by Did2-mKate2, is budding (arrowhead). The end point (milliseconds) of each exposure is indicated on the top. Bar, 500 nm. (B) The proportion of tubules decorated by Vps17-GFP and containing Vps10-2xmRFP in wild-type and mvp1 cells is plotted. (C) The proportion of tubules in cells expressing Mvp1-GFP and Vps10-2xmRFP is plotted. (Fig. 7 A; Luo and Chang, 2000) , and similar to the fractionation profile of Kex2, another retromer cargo (Wilsbach and Payne, 1993) . Together with earlier reports showing a defect in Snc1 trafficking in vps1 cells (Burston et al., 2009; Smaczynska-de Rooij et al., 2012) , the results strongly support a role for Vps1 in the endosome-to-Golgi retrograde pathway.
An expanded tubular endosomal network in vps1 cells
In consideration of the general role of dynamin family proteins in membrane fission and the retrograde-sorting defects of vps1 cells, we speculate that Vps1 provokes fission of SNX-BARcoated tubules from the endosome, and to test this we used time-lapse fluorescence microscopy to compare the dynamics of SNX-BAR-coated endosomes in vps1 and wild-type cells. The results of several experiments support this hypothesis. Subcellular fractionation experiments show that the distribution of myc epitope-tagged Vps10 is shifted to the vacuole containing the 13,000 g fraction, and degradative products are observed, to a similar extent as retromer-null (i.e., vps35) cells (Fig. 7 A) . In contrast, in mvp1 cells Vps10 is relatively stable and its distribution between the P13 and P100 fractions is unaltered compared with wild-type cells, as expected from the Vps10 fluorescence data (Fig. 1) .
When we examined SNX-BARs in vps1 cells, we observed an expanded TEN in which tubules emerged and then often retracted into the mother endosome (Fig. 7 B) , similar to endocytic plasma membrane retraction events observed in vps1
To probe for a role for Vps1 in the endosomal system, we first examined the structures and dynamics of endosomes in vps1 cells using fluorescence and electron microscopy (Fig. 6) . Quantitation of fluorescence micrographs of SNX-BAR (Mvp1, Vps17) and retromer (Vps26) proteins reveals 1.5-fold increases in the average number of endosomes per cell and average endosome size in vps1 cells compared with wild-type cells (Fig. 6 B) . In contrast, the average number of Sec7-GFP-decorated Golgi compartments is unchanged (Fig. 6 B) . We also observed that the fluorescence intensity of retromer (i.e., Vps26-GFP) signal on endosomes of vps1 cells is increased approximately twofold, indicating that retromer accumulates on these endosomes (unpublished data). Thin-section (90 nm) electron microscopy of vps1 cells confirmed the increased diameters of MVBs (149.4 nm ± 9.793, n = 11; 193.5 nm ± 7.267, n = 28; P = 0.018 wild-type vs. mutant, respectively; Fig. 6, D-H) .
These results clearly show that loss of Vps1 has a profound impact on the morphology of endosomes, and to directly address a role for Vps1 in the retromer pathway we examined Vps10-2xGFP in vps1 cells. Whereas in wild-type cells Vps10-2xGFP localizes to punctate Golgi and endosome compartments, in vps1 cells Vps10-2xGFP localizes prominently to the vacuole membrane (Fig. 6 C) , a localization that phenocopies retromer-deficient cells (Liu et al., 2012) . Consistent with vacuole localization of Vps10, the subcellular fractionation profile of Vps10-myc in vps1 cells shows a shift to the vacuoleenriched P13 fraction and the appearance of degradative intermediates, as observed with a retromer-null (vps35) strain The MVBs of vps1 cells possess fewer ILVs than wild-type cells (wild-type: 38.58 ILVs ± 5.984, n = 12; vps1: 17.83 ILVs ± 3.154, n = 18; unpaired t test, P = 0.0024), resulting in a reduction in proportional ILV surface area per MVB (wild type: MVB = 47.62%, ILV = 52.38%; vps1: MVB = 65.78%, ILV = 34.22%; Fig. 8 E) . Surprisingly, the average size of MVB ILVs is increased (25.55 nm ± 0.2307; 30.65 nm ± 0.9362; n = 102, P < 0.0001 wild-type vs. mutant, respectively; Fig. 8 D) and the mean number of ILVs per MVB is reduced. Finally, we observed in vps1 cells apparently tethered cisternae resembling the aberrant endosomes that accumulate in ESCRT mutants (the "class E compartment"; Fig. 8 , A-C).
Discussion
Mvp1 is a component of the retromer pathway
The data presented here show that Mvp1 functions with retromer to evoke endosome-to-TGN trafficking of retrograde cargo, revealing a previously unappreciated link between Mvp1 and retromer. This finding was unexpected as SNX8, the human homologue of Mvp1, was proposed to be a component of a retromer-independent endosome-to-TGN pathway (Dyve et al., 2009 ). However, this conclusion was based on the opposite cells (Smaczynska-de Rooij et al., 2010). Due to the irregular shape of these tubules, it was not possible to accurately measure their sizes, but because they grow larger over time, we defined a surrogate parameter, "tubule lifetime," as the time interval between the first frame when a tubule emerges from the mother endosome and the frame when the tubule retracts into the mother endosome or when a discontinuity between the tubule and mother endosome is observed. In wild-type cells, Mvp1 and Vps17 tubule lifetimes ranged from 270 to 1600 ms, with an average of 570 ± 407 ms and 457 ± 188 ms, respectively (Fig. 7 C) . In vps1 cells, Mvp1-and Vps17-coated tubule lifetimes are increased two-to threefold, ranging from 270 to 3254 ms, with an average of 1348.3 ± 693 ms and 856.5 ± 560 ms, respectively (Fig. 7 C) . These data are consistent with a role for Vps1 in fission of SNX-BAR-coated tubules.
Tomographic models of vps1 cells also revealed profound changes in the appearance of endosomes, including visually striking examples of endosomal tubules, 50 nm in diameter and variable in length, that are rarely observed in wild-type cells ( Fig. 8; Video 2) . These tubular networks contain very few ILVs, suggesting these are early endosomes that are actively sorting cargo, in contrast to the large number of ILVs within mature MVBs/late endosomes that most likely represent the subset of endosomes that we describe as inactive in tubule budding. 14.8 ± 6.8; Mvp1, 7 ± 2.5 vs 11.1 ± 1.7; Vps26, 12 ± 2.5 vs. 21 ± 2.5; Fission of endosomal retrograde carriers • Chi et al.
be considered a component of the retromer-mediated retrograde pathway.
Neither we, nor others (van Weering et al., 2012a) , have uncovered any biochemical evidence that Mvp1 or SNX8 functions with retromer as a "super complex." How might Mvp1 influence retromer function without directly associating with it? Current models of SNX-BAR membrane coats emphasize their abilities effects of RNAi-mediated depletion of SNX8 and VPS35 on trafficking of an exogenous cargo, Shiga toxin, and to date, no endogenous SNX8-specific cargos have been described. We have examined sorting of many different yeast plasma membrane and TGN proteins in mvp1 and retromer-null cells but have not identified any cargo whose steady-state localization is affected by loss of Mvp1, but not retromer. Thus, Mvp1 can Sec7 (Golgi), 10.1 ± 1.4 vs. 10.9 ± 1.9; n = 30 for each strain, P < 0.0001 (unpaired t test), wild-type and vps1, respectively. 
Vps1/dynamin promotes fission of SNX-BAR-coated tubules
Three distinct though not exclusive fission mechanisms for recycling/retrograde carriers have been proposed to operate at the endosomes of mammalian cells, one involving local actin dynamics under regulation by the WASH complex (Derivery et al., 2009; Gomez and Billadeau, 2009; Puthenveedu et al., 2010) , a second relying on the AAA family ATPase, spastin (Allison et al., 2013) , and a third relying on the GTPase, dynamin (Llorente et al., 1998; Nicoziani et al., 2000; Derivery et al., 2009) . The yeast genome does not encode a WASH complex, and our screens for endosomal sorting defects in actin related (e.g., ARP2/3, formin, cdc42, etc.) mutants have not uncovered any deficiencies of endosome function in these mutants, so actin-dependent effects on endosome dynamics are unlikely to play a major role in fission of endosomal tubules, at least in this organism. Similarly, the yeast genome does not encode a spastin orthologue. The results presented here show that Vps1 promotes fission of tubules that emanate from the endosome, contain retrograde cargo, and are coated by retrograde SNXBARs (Fig. 9) . Hence, in contrast to fission events for conventional transport vesicles, multiple distinct mechanisms mediate endosome carrier fission.
to oligomerize into homogeneous lattices that can drive membrane remodeling in vitro (van Weering et al., 2012a) ; however, it is important to bear in mind that the SNX-BAR coat structures observed in vitro are generated using super-physiological concentrations of purified proteins and that similar structures that have not been described on the TEN in vivo (Carlton et al., 2004; Mari et al., 2008) . Our findings suggest that physiological SNX-BAR coats are unlikely to be composed of extensive lattices of a single type of SNX-BAR homo/heterodimer. One implication of this regards the capacity of the TEN to harbor cargo; by first principle, a coat composed of multiple types of protomers (e.g., SNXBARs) has a higher capacity to accommodate diverse cargo than a coat composed of fewer types of protomers. Thus, the incorporation of Mvp1 into the tubule coat may limit the formation of an extensive regular lattice of retromer SNX-BARs through the formation of Mvp1 oligomers that are incompatible with a retromer-SNX-BAR oligomer (Fig. 9) . In this respect, Mvp1 may also provide a kinetic barrier to TEN formation by impeding retromer SNX-BAR oligomerization, which could facilitate cargo surveillance by retromer and subsequent packaging of diverse cargo into the TEN. Consistent with this, RNAi of SNX8 in human cells results in an enhancement of retromer-dependent localization of Shiga toxin to the Golgi (Dyve et al., 2009 ). we have never observed binding of these proteins in solution or on a membrane. How, then, might Vps1 be targeted to SNX-BAR-coated endosomal tubules? Polymerization of pure human dynamin on preformed membrane nanotubes, in the absence of any other proteins, is strongly dependent on the radius of the nanotube, with dynamin nucleation increasing as the radius of the nanotube decreases (Roux et al., 2010) . Based on this property, Roux et al. (2010) suggest that, in the range of physiological membrane tension, curvature-promoting proteins elicit dynamin oligomerization on the neck of a budding vesicle. We find that pure Mvp1 can generate membrane tubules of 36 nm, which is in close agreement with the average diameter of membrane tubules produced in vitro by pure human SNX8 (34 nm; van Weering et al., 2012a) . Even more striking, however, is the ability of pure Mvp1 to elicit membrane fission in vitro (Fig. 4) , placing Mvp1 in the class of potent membrane-remodeling proteins (Boucrot et al., 2012) . With the genetic relationship between Mvp1 and Vps1 (Ekena and Stevens, 1995) in mind, the data provided herein provide compelling evidence that these proteins cooperate to evoke fission of endosomal SNX-BAR-coated tubules in vivo. Intriguingly, Cullen and colleagues found that of all human SNXBARs tested for tubulation activity, SNX8 generated the narrowest diameter tubules, and that the yeast retromer SNX-BAR, Vps5, generated tubules of 50-nm diameter (van Weering et al., 2012a) . We show that retromer SNX-BARs and Mvp1 colocalize to a subset of endosome-derived tubules and, hence, these tubules will not be of uniform diameter; Mvp1 oligomers will form constrictions relative to surrounding regions coated with the retromer SNX-BARs (Fig. 9) . We suggest that this potentiates Vps1 recruitment to the endosome tubule and, hence, fission of the tubule. Consistent with this, we often observed SNX-BAR-coated tubules to fission into multiple vesicles (e.g., Fig. 2 , Vps17-GFP, 1080-ms time point), suggesting that fission occurs at multiple sites along the tubule. Depletion of the endocytic protein Epsin, which can evoke membrane fission on its own, results in deficient dynamin-mediated fission of clathrin-coated vesicles in vivo Unexpectedly, we observed widespread and dramatic effects on the endosomal system in cells lacking Vps1. Besides the enlargement of the TEN, there is a pronounced accumulation of MVBs that are larger than MVBs in wild-type cells that are appear to be tethered to each other and the vacuole. Accumulation of these endosomes and flattened endosomal cisternae can be accounted for by the role that Vps1 plays in activating the vacuolar SNARE, Vam3 (Peters et al., 2004; Alpadi et al., 2013; Hayden et al., 2013) , and thereby promoting fusion of the late endosome and vacuole. The accumulation of membrane of the limiting membranes of MVBs (approximately twofold increase in surface area) is accounted for in part by the deficiency in membrane export resulting from decreased fission of transport carriers. However, we also observed that MVBs in vps1 cells possess larger but fewer ILVs, resulting in a substantial decrease in mean ILV surface area per MVB (Fig. 8 E) . Perturbations to dynamic ESCRT protein association with the endosome membrane have previously been shown to result in an impairment of cargo sorting and increases in the mean diameters of ILVs and endosomelimiting membranes (Nickerson et al., 2010) . Hence, deficient ILV biogenesis is unlikely to reflect a direct role for Vps1 in their formation and we speculate that changes in the endosome membrane composition and tension, as a result of deficient membrane export, impact the MVB pathway.
Vps1 has been proposed to function at numerous organelles, including the retrograde pathway (Deloche and Schekman, 2002; Burston et al., 2009; Smaczynska-de Rooij et al., 2010 , but the mechanisms of intracellular targeting of Vps1 are largely unknown. Canonical dynamins are recruited to sites of endocytosis via direct binding interactions with multiple other components of endocytic machinery, including proteins and lipids (Schmid and McMahon, 2007) , but interactions of Vps1 with endosome-localized proteins or lipids has not been reported. Given the genetic relationship between VPS1 and MVP1, we considered it likely that Mvp1 directly binds Vps1 to recruit it to the endosome; however, using a variety of experimental approaches, Figure 9 . Mvp1 promotes Vps1-mediated fission of SNX-BAR-coated retrograde carriers from the endosome. A retrograde tubule budding from an endosome is depicted. The tubule contains integral membrane cargo, Vps10, and is coated by retromer, retromer SNX-BARs (Vps5-Vps17 heterodimer), and Mvp1. Based on the narrow diameter of membrane tubes produced in vitro by human SNX8 (van Weering et al., 2012a) , the orthologue of yeast Mvp1, the coated tubule will be constricted at sites where it is wrapped by Mvp1. The constrictions are preferential sites for Vps1 membrane association and oligomerization, leading to fission of the tubule at these sites and the production of retrograde transport carriers of heterogeneous size.
We defined "endosome tubule lifetime" as the time point where a vesicle/tubule emerges from a mother endosome to the time point of either an apparent fission event or the movie frame where the structure completely disappears. Measurements were obtained from single-color timelapse movies of indicated GFP fusions. Average tubule lifetimes ± SD were determined from 30 tubules for each condition. The Student's t test was used to calculate P-values. To determine tubule compositions, endosome tubules were quantified using two-color time-lapse microscopy. The presence of 2xmRFP in the emerging GFP tubule was scored as a mixed/heterogeneous composition. GFP tubules without any 2xmRFP were scored as nonmixed composition. Proportions were obtained from each strain (n = 30). Punctum density (puncta/cell) was calculated using optical z-sections (0.30 µm) of cells (n = 30 for each strain).
Electron microscopy and tomography Haploid S. cerevisiae cells were harvested at log phase, vacuum filtered on 0.45-µm paper (EMD Millipore), loaded into 0.25-mm aluminum planchettes, and high-pressure frozen in a Balzers HPM 010 as described previously (Wemmer et al., 2011) . Automated freeze substitution was performed on an AFS system (Leica) with 0.1% uranyl acetate and 0.25% glutaraldehyde in anhydrous acetone, embedded in Lowicryl HM20 (Polysciences, Inc.), and polymerized at 60°C (Giddings, 2003 ). An ultra-microtome (Leica) was used to cut 90-nm serial thin sections and 250-nm serial semithick sections, which were collected onto 1% Formvar films, and adhered to rhodium-plated copper grids (Electron Microscopy Sciences). A transmission electron microscope (CM10; Phillips) was used to image 90-nm sections. Semi-thick sections were labeled with fiduciary 15-nm colloidal gold (British Biocell International) with dual-axis tilt series collected at ±60° with 1° increments using SerialEM (Mastronarde, 2005) at 300 kV, using a microscope (Tecnai F30 FEG; FEI Company). Tilt series were recorded at 29,000× using a 4 × 4-K CCD camera (Gatan, Inc.) with a 0.76-nm pixel as described previously (Wemmer et al., 2011) . Individual tomograms were reconstructed using the IMOD package (Kremer et al., 1996) and its newest viewer 3DMOD 4.0.11, and serial tomograms were merged together in x-, y-, and z-direction to obtain a large continuous volume. The 3DMOD modeling software was used for the assignment of the inner leaflet of organelle membrane contours, and IMODINFO was used to obtain surface area and diameter of contour models. We sorted, analyzed, and graphed the data using Microsoft Excel for Mac 2008 and Prism 5 for Mac OS X. Movies were made in 3DMOD and assembled in QuickTime Pro 7.5.
Cell fractionation and immunoblotting
Cell fractionation assays were conducting using a published protocol (Horazdovsky et al., 1994) . The anti-myc epitope primary mouse monoclonal antibody used is 9E10 (Covance) and was used diluted 1:5,000. Secondary sheep anti-mouse HRP-conjugated antibody (GE Healthcare) was used at 1:5,000.
Liposome tubulation/vesiculation assays Liposome tubulation assays were performed as described in van Weering et al. (2012a) with the following modifications. Liposomes were produced from Folch bovine brain lipids (0.5 mg, B1502; Sigma-Aldrich) supplemented with 10 µg synthetic PtdIns(3)P (850150P; Avanti Polar Lipids, Inc.) and suspended at 1 mg/ml by vortexing in 20 mM Hepes, pH 7.4, 150 mM NaCl, and 1 mM DTT, then extruded through 200-nm pore-size filters using a mini-extruder (Avanti Polar Lipids, Inc.).
His-tag fusion vector of Mvp1 was made by amplifying the MVP1 ORF as a Bglll-XhoI fragment of from wild-type genomic DNA as a template. The amplified product was cloned in-frame into BamHI and XhoI sites of vector pET28a (EMD Millipore), and the resulting plasmid was sequenced. The plasmid was transformed into Escherichia coli BL21 and expressed by autoinduction as described previously (Studier, 2005) . In brief, plasmids were transformed into BL21(DE3)-competent cells and grown in Terrific Broth containing the appropriate antibiotics in baffled flasks filled to 20% of the total volume. Sterile lactose solution was added to a final concentration of 0.2% and cultures were grown at 37°C for 4 h, then shifted to room temperature for 20 h. Recombinant Mvp1 contained a C-terminal His-tag and was purified using an ÄKTAprime Plus fast protein liquid chromatography (FPLC) system (GE Healthcare) equipped with a 1-ml His-Trap HP column, followed by buffer exchange into tubulation/vesiculation assay buffer. Purified protein concentration was quantified by BCA assay (Thermo Fisher Scientific).
For tubule/vesiculation assays, 5 µg liposomes were incubated with 0, 10, or 20 µM recombinant Mvp1 (10 µl final volume) for 30 min at 30°C and spotted onto a carbon-coated copper mesh grid. Liposomes were negative stained by 1% uranyl acetate and analyzed on a transmission (Boucrot et al., 2012) . Thus, membrane-remodeling proteins serve as a common accessory factor for fission executed by dynamin family proteins. Recognition of a "geometric substrate" explains how increased expression of Mvp1 overcomes the deficiency caused by the vps1 d allele (Ekena and Stevens, 1995) ; by increasing the area and/or number of high curvature domains on the endosome, Vps1 substrate is increased. Conversely, increased endosome fission can explain the suppression of CPYsorting defects in mvp1 cells that overexpress VPS1. Importantly, this mechanism also provides Vps1 with the potential to operate on multiple organelles. In summary, our study reveals a close functional cooperation between the endosomal sorting and fission machinery that coordinates the formation of the TEN with the fission of retrograde transport carriers.
Materials and methods
Yeast strains and culture conditions Yeast strains were constructed in BY4742 , except the electron microscopy and tomography studies, which used a vps1 strain constructed in SEY6210 GAL) . Yeast strains were constructed by integration using recombination of gene-targeted, PCRgenerated DNAs using the method of Longtine et al. (1998) . Mutant strains used were either derived from the EUROSCARF KANMX deletion collection (Open Biosystems/Thermo Fisher Scientific) or produced by replacement of the complete reading frame with the HIS3MX6 or URA3 cassette. Gene deletions were confirmed by PCR amplification of the deleted locus. Cells were grown in standard synthetic complete medium lacking nutrients required to maintain selection for auxotrophic markers and/or plasmids (Sherman et al., 1979) .
Light microscopy and image analysis Yeast cells from cultures grown to OD 600  0.5 were mounted in growth medium, and 3D image stacks were collected at 0.5-µm z-increments on a DeltaVision workstation (Applied Precision) based on an inverted microscope (IX-70; Olympus) using a 100×/1.4 NA oil immersion lens. Images were captured at 24°C with a 12-bit CCD camera (CoolSnap HQ; Photometrics) and deconvolved using the iterative-constrained algorithm and the measured point spread function. Yeast cell cultures were labeled with 7-aminochloromethylcoumarin (CMAC; Molecular Probes) at a concentration of 100 µM for 30 min in synthetic medium at room temperature to examine vacuole morphology. All image analysis and preparation was done using Softworx 5.5 (Applied Precision), unless indicated otherwise.
The analysis of Vps10 distribution shown in Fig. 1 was determined using a manual method implemented using ImageJ v1.38 (National Institutes of Health). A region of interest (ROI) was selected to contain a single cell and the sum of Vps10-GFP fluorescence was calculated. Next, we used the "Mask" macro to delineate the areas within the ROI defined by Sec7-tom and by Vps17-tom. The mask was inverted so that all pixels outside of the mask were assigned a maximum value and the regions corresponding to Sec7-tom or Vps17-tom were assigned a value of zero. Each mask was then overlayed on the Vps10-GFP image and the fluorescence that appeared within the Sec7-tom and Vps17-tom areas was summed and then used to calculate the proportion of Vps10-GFP in each compartment. Minimum thresholds were set manually to minimize the cytosolic signals of each protein and restrict correlation analyses to punctate endosomes, and average correlation coefficients were determined for a minimum of 25 cells in at least three different fields, from at least two different acquisition sessions.
For single-color time-lapse movies, endosomes were focused in a single focal plane in cells expressing endogenously expressed C-terminal GFP fusions. Exposures times of 150 ms resulted in an acquisition time of 270 ms per interval, which allowed us monitor an endosome for up to 10 s before photobleaching of the GFP signal. For dual-color time-lapse movies, we captured three successive GFP frames at 50-ms intervals for each 2xmRFP frame (200 ms), leaving the shutter open during acquisition. Movies were then 2D deconvolved using SoftWoRx 5.5 software and successive GFP images were overlayed and compared side-by-side to the 2xmRFP image. Only linear adjustments were made to enhance overall contrast of the tubules and figures were assembled using Adobe Photoshop. electron microscope (Tecnai F12; FEI Company). Tubules and vesicle diameters were quantified in ImageJ analysis software as an average of three measurements along the tubule or two measurements tangentially across the coated vesicle.
Online supplemental material Fig. S1 shows Mvp1 endosome localization is dependent upon PtdIns3P binding and that Mvp1 partially colocalizes with sorting nexins, Vps17, Snx3, and Snx4. Fig. S2 shows Vps1-GFP is not fully functional but colocalizes with late endosome marker Cherry-Ypt7 or Did2-mKate in diploid strains carrying one untagged and one GFP-tagged VPS1 allele. Additionally, Vps1-GFP Did2-mkate co-decorated endosomes were dramatically reduced in cells lacking Mvp1. Video 1 is a time-lapse video of Mvp1-GFP demonstrating the dynamic nature of the tubular endosomal network. Video 2 shows a tomographic series and model of vps1 cells. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201309084/DC1.
